A series of Au/FeO x /SBA-15 type materials were prepared by two methods: one conventional and one nonconventional: gold deposition-precipitation on FeO x /SBA-15 and bimetallic carbonyl cluster deposition on SBA-15, respectively.
Introduction
Highly dispersed gold catalysts supported on different solids have shown high catalytic activity toward many reactions of industrial and environmental significance [1] . A sizable number of applications have been found for the selective oxidation of several compounds [2] [3] [4] and the role of gold in the total oxidation of different types of saturated and unsaturated hydrocarbons, unsaturated carbonyl compounds, alkynes, and alkadienes -the so-called volatile organic compounds (VOCs) -has also been extensively studied [5] . The removal of VOCs has received particular attention due to the fact that they have been associated with: (i) the increase in photochemical smog in urban environments, (ii) the depletion of atmospheric ozone, and (iii) the production of groundlevel ozone [6, 7] . Gold supported on different oxides such as Al 2 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] has shown high activities for the catalytic oxidation of different kinds of VOCs. The electronic state of gold species and the size of gold particles determine the activity toward the catalytic combustion of VOCs of such systems. Moreover, gold nanoparticles supported over reducible oxides increase the mobility of the lattice oxygen involved in the reaction mechanism.
Since the discovery of ordered mesoporous silica materials in the 1990s, synthesis and applications of mesoporous solids have been studied extensively [22] . When silica is used as a support it is very difficult to obtain an optimal gold dispersion due to the low affinity of gold for such an inert support [23] . Mesoporous SBA-15 -with a highly ordered 2D hexagonal structure, well-defined pore size, and thicker walls -seems to be an ideal candidate for obtaining a strong confinement of gold nanoparticles. To increase the metal dispersion on this support, the functionalization of its surface either by molecules such as organo-silane [24, 25] or by different oxides such as TiO 2 , CeO 2 , Co 3 O 4 [26] [27] [28] is necessary.
The greatest advantages of the surface functionalization by an active oxide layer are the stabilization of the highly dispersed gold deposited on SBA-15, and the strong interaction between gold and oxides, which leads to an increased catalytic activity.
In literature the beneficial effect of the addition of iron to gold-supported catalysts, in terms of enhanced activity, selectivity, resistance to deactivation, and prolonged lifetime of the catalyst has been extensively demonstrated [10, [29] [30] [31] [32] [33] [34] . FeO x species were found to act as a structural promoter but also as a co-catalyst: it was proved that gold particles are stabilized against sintering while the lattice oxygen of the oxide plays an active role via the Mars-van Krevelen mechanism.
In our previous works [35] [36] [37] we demonstrated that it is possible to synthesize titania-and ceria-supported catalysts containing FeO x -stabilized gold nanoparticles with a controlled size and an intimate contact between gold and iron oxide species by using bi-metallic carbonyl clusters as precursors of the active phase.
Thus, in the present work, we investigated the possibility of obtaining small gold nanocrystallites, anchored to mesoporous SBA-15 via an iron layer by using the above-mentioned method previously developed by us, which uses the bi-metallic carbonyl cluster salt [NEt 4 ][AuFe 4 (CO) 16 ] as precursor of gold and iron oxides species. Prepared catalysts were tested in the total oxidation of methanol, used as probe molecule of oxygenated VOC.
Experimental

Catalyst preparation
Mesoporous SBA-15 was prepared starting from tetraethyl orthosilicate (TEOS, Aldrich 98%), as silica source and using a triblock poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (EO20PO70EO20, Pluronic P123, Aldrich), as template, according to the published procedure [38] . In a typical preparation, 8.1 g Pluronic P123 was dissolved in 146.8 g de-ionized water and 4.4 g of conc. HCl (37%) and stirred overnight at 35 • C in a 250 ml single-neck flask. To this solution, 16 g of TEOS was quickly added and stirred for 24 h at 35 • C. The milky suspension was annealed at 100 • C for 24 h in a closed polypropylene bottle. The solid product was filtered, washed with an HCl/water-mixture and calcined at 550 • C for 5 h in air.
One 16 ] [40] carbonyl cluster salts on the prepared mesoporous silica. In a typical experiment, the required amount of the carbonyl cluster was dissolved in degassed acetone (20-40 ml) under nitrogen and added dropwise over a period of 1 h to an acetone suspension of SBA-15 (5 g), which was previously degassed and stored under nitrogen. The resulting suspension was allowed to stir overnight, then the solvent was removed in vacuum at room temperature; lastly, the prepared samples were stored in air at ambient temperature and dried at 100 • C for 2 h in air.
For comparison, one Au-and one Au/FeO x -containing catalyst were prepared by introducing 2 wt.% of Au by the depositionprecipitation (DP) method, using the HAuCl 4 precursor and urea, on bare SBA-15 and on the previously prepared FeOx sample. These systems were filtered, washed thoroughly, and dried at 100 • C overnight. All catalysts were treated at 400 • C for 2 h (by heating from room temperature at a rate of 10 • C/min) in flowing N 2 in order to control the Au crystal growth.
Prepared samples will be denoted by the abbreviation "Fe" and "FeAu" combined with the letters "C" and "DP", which indicate the different preparation methods: C is cluster deposition while DP refers to the deposition-precipitation method. Samples indicated as "spent" or "used" refer to catalysts tested in the reaction up to 350 • C for a run of 60 h. Code and composition of prepared catalysts are shown in Table 1 .
Characterization of the catalysts
Surface area measurements (BET) [41] and pore size distribution (BJH) [42] were carried out by means of a Micromeritics ASAP 2020 instrument. The samples were previously outgassed at 150 • C until a P = 0.04 bar was reached, then kept for 30 min at this temperature, and lastly heated up to 250 • C and maintained at that temperature for 30 min.
The real metal content on catalysts was determined by ICP-AES analysis with a Fision 3410+ instrument.
Small-angle X-ray scattering (SAXS) experiments were performed on a Bruker Nanostar SAXS System equipped with 2D detector using Cu K␣ radiation ( = 1.5418Å). The SAXS measurements were collected in the range of 0.2-4.7 • 2Â by using a 0.02 • step size and a counting time of 1.3 s per step.
Wide-angle X-ray diffraction (XRD) measurements were carried out at room temperature with a Bragg/Brentano diffractometer (X'pertPro Panalytical) equipped with a fast X'Celerator detector, using Cu anode as X-ray source (K␣, = 1.5418Å). For all samples the complete diffractogram was collected in the range of 10-85 • in 2Â by using a 0.05 • step size and a counting time of 20 s per step. For the Au crystal size evaluation, a second acquisition was made in the range of 36-42 • in 2Â by using a longer counting time, i.e. 400 s per step, and a step size of 0.03 • . The coherent length of the Au crystalline domains was evaluated through single line profile fitting of the reflection at 38.2 • 2Â, by calculating Au crystal size values from the widths at half maximum intensity by the Scherrer equation [43] . The assignment of the various crystalline phases was based on the JCPDS powder diffraction file cards [44] .
Diffuse reflectance UV-vis (DR-UV-Vis) spectra were recorded in the range of 200-800 nm with a UV/VIS/NIR Perkin Elmer spectrometer Lambda 19.
The reduction behavior of different samples was studied by means of temperature programmed reduction using a Thermoquest TPDRO instrument under 5 vol.% H 2 /Ar flow (20 ml min −1 ). The temperature was raised from 60 to 700 • C by a heating rate of 10
Catalytic experiments with methanol were performed in a continuous-flow fixed-bed microreactor. Each test was carried out by loading 0.13 g of catalyst (30-60 mesh) diluted with an inert glass powder. The total volumetric flow through the catalyst bed was held constant at 140 ml min −1 , 10 vol.% oxygen, 90 vol.% nitrogen and 2600 ppm of methanol. Analyses of reactants and products were carried out as follows: the products in the outlet stream were scrubbed in cold isopropanol maintained at −20 • C by a F32 Julabo Thermostat. Analyses of reactants and products were carried out with a GC Clarus 500 (Perkin Elmer) equipped with a capillary column Elite FFAP (30 m × 0.32 mm) and a capillary column Elite Plot Q (30 m × 0.32 mm) attached to a methanizer assembly flame ionization detector (FID). CO 2 and water were the main products detected for Au/FeO x /SBA-15 catalysts. At low methanol conversion (<20%), some CO and methyl formate, as intermediate products, were observed.
Results and discussion
Textural properties of support and catalysts
Small-angle X-ray scattering was carried out to study the ordered porous structure of SBA-15 and the supported catalysts. N 2 -adsorption/desorption measurements were performed to get insight the textural properties of the materials. The SAXS patterns, shown in Fig. 1 , displayed three well-resolved peaks at 0.92 • , 1.58 • , and 1.83 • 2Â, respectively, which correspond to (1 0 0), (1 1 0), and (2 0 0) reflections of the hexagonal arrays in the mesoporous structure of SBA-15 [45] . The SAXS patterns of metal catalysts were essentially identical, regardless of the metal and preparation method, showing peaks at the same angular positions, at 0.95 • , 1.63 • , and 1.89 • 2Â. The shift from 0.92 to 0.95 • 2Â of the first peak, observed for the metallic carbonyl cluster-derived catalysts, and the decrease in the calculated d 1 0 0 space from 9.6 nm (for pure SBA-15) to 9.3 nm are consistent with previous literature reports [46, 47] , and suggest that metal deposition occurred inside the pore channels of SBA-15. The decreased intensity of the SBA-15 diffraction peaks detected for the Au/FeO x catalysts further confirms the progressive coating of the mesopores walls, which depends on both the metal loading and the preparation method. On the other hand, the presence of detectable (1 1 0) and (2 0 0) reflection peaks in the catalysts confirms that metal introduction does not destroy the ordered arrangement of the SBA-15 channel package [46] . Surprisingly, when gold was introduced by the conventional DP method, the (1 0 0), (1 1 0), and (2 0 0) reflection peaks of the catalyst are at the same angular position that is typical of bare SBA-15, thus suggesting that in this case the growth of gold clusters occurs preferentially on the surface of the support rather than within the confined mesopore space. However, in comparison with SBA-15, the peak (1 0 0) appeared decreased in intensity and broadened, thus indicating that a wider range of pore structures is developed in this catalyst, probably as a consequence of the obstruction of the smallest pores due to the presence of gold. It is likely that gold particles, at first deposited inside the porous structure of SBA-15, during the calcinations treatment -due to the weak interaction with the support -migrate toward the outside of the pores with consequent agglomeration and sintering. Accordingly, the average Au crystallite size (13 nm) ( Table 2) , calculated by the Scherrer equation on the basis of the catalyst diffraction pattern, exceeded the SBA-15 mesopore diameter. N 2 adsorption-desorption isotherms data are shown in Fig. 2 and Table 2 , respectively. For all samples, the isotherms are identified as type IV according to the IUPAC classification, which is a typical characteristic of mesoporous materials [48] , and a clear H1-type hysteresis loop is observed, thus indicating the presence of uniform cylindrical pore channels [49] . A very small decrease in the specific surface area (see Table 2 ) and a hysteresis loop similar to the support were observed for C-Fe catalyst, thus indicating that the deposition of the iron carbonyl cluster does not modify the structural properties of the mesoporous SBA-15. On the other hand, it is possible to observe that the hysteresis loops of the bimetallic catalysts become smaller than SBA-15 and the isotherm shifts to lower pressure, whereas the adsorption branch does not change significantly. Thus, in the presence of gold, a partial occlusion of the mesopores is induced on the support surface. This effect was found to be moderate when gold is either introduced at the same time as iron by employing the bi-metallic cluster, or deposited by DP on the C-Fe sample, whereas, in the absence of iron, the SBA-15 surface and structure are more affected by gold nanoparticles. In fact, in the case of the DP-Au sample, in addition to a lower amount of N 2 adsorbed in the low pressure range, a different hysteresis shape was observed, and the relative pressure where the capillary condensation step occurs shifted to higher P/P 0 values. It is likely that during the calcination treatment some gold nanoparticles crystallized inside the smallest pores of SBA-15, thus partially blocking them from the outside. As a consequence, the mean pore size distribution shifted to higher values, as did the pore volume (Table 2) . At the same time, gold nanoclusters partially sintered on the external surface of SBA-15.
Wide-angle X-ray diffraction
The wide-angle XRD patterns collected for all catalysts are shown in Fig. 3 . For all samples, a broad peak at 2Â = 22 • , attributable to the amorphous framework of SBA-15, was observed.
Two weak peaks at 2Â = 33.2 • and 35.7 • , which were attributable to the most intense reflections of the Fe 2 O 3 hematite phase, were detected on C-Fe and C-Fe DP-Au catalysts, while no reflections due to iron and gold species could be observed on C-FeAu, thus indicating the effectiveness of this preparation method in obtaining an optimal metal dispersion on the catalyst surface as well as very small gold nanocrystallites stabilized via an iron layer. On the contrary, intense reflections attributable to metallic gold were detected in the patterns of DP-Au and C-Fe DP-Au. According to the literature [23] , the weak metal-support interaction between gold and silica easily lead to particle aggregation and growth. However, the presence of the iron layer in the C-Fe DP-Au sample was conducive to slightly better gold dispersion and stabilization as compared to the iron-free DP-Au, as can be inferred from the average crystallite size of gold indicated in Table 2 . 
UV-vis diffuse reflectance spectra
In order to study the iron and gold structure of SBA-15 supported catalysts, UV-vis diffuse reflectance measurements were performed. Fig. 4 shows diffuse reflectance UV-vis spectra. Au/FeO x samples exhibit both typical absorption bands at wavelength below 400 nm, which correspond to different iron species [50] , and the plasmon band in the range of 500-600 nm due to the presence of gold nanoparticles [51, 52] . For the C-Fe sample, two different absorption bands at 215 and 260 nm were observed, thus indicating the presence of isolated Fe 3+ monomer sites which generally show bands below 300 nm [53, 54] . An increased absorption above 300 nm was observed for both C-FeAu and C-Fe DP-Au catalysts attributed to Fe 3+ in small oligomeric Fe m O n species. At longer wavelengths, above 400 nm, an overlapping of the typical plasmon resonance peak of metallic gold, around 525 nm, and bands originated from Fe 2 O 3 hematite nanoparticles is likely to occur [53, 54] . According to the XRD pattern (see Fig. 3 ), it is reasonable that features of crystalline Fe 2 O 3 are present in the spectrum of C-Fe DP-Au. For the monometallic DP-Au catalyst, only the intense band at 525 nm was detected. A sharper peak in DR-UV-vis spectra should imply larger Au particles [55, 10] . Likewise, the bandwidth increased from DP-Au to C-Fe DP-Au, with crystallite size decreasing from 13 to 10 nm. Moreover, the peak position and full width of the plasmon band is reported to depend on the shape and surrounding environment of gold [56] . Accordingly, the broadening and red shift of the plasmon band from 525 nm for DP-Au to 540 nm for C-FeAu would be attributed to a different environment surrounding Au nanocrystallites, likely due to a strong interaction with iron oxide species. were present, at 395 • C and around 480 • C. According to previous results [13, [57] [58] [59] , these peaks may be attributed to the reduction to Fe 3 O 4 magnetite of hydroxylated and nonhydroxylated Fe 2 O 3 , respectively. Catalysts prepared by using the gold/iron carbonyl cluster contain very high reducible species. In fact, a peak at about 130 • C was observed for the C-FeAu sample, attributed to the reduction of hydroxylated Fe 2 O 3 species strongly interacting with gold, thus confirming that the presence of gold strongly facilitates the reduction of Fe 2 O 3 species [56, 58, 59] . This effect was not observed during the reduction process of C-Fe DP-Au, the profile of which was found to be very similar to C-Fe and even shifted to a slightly higher temperature. This behavior indicates that low interaction between gold and iron oxide species was achieved by separately depositing the two metal species, while the shift of TPR peaks to a higher reduction temperature could be due to the presence of the crystalline Fe 2 O 3 identified by XRD.
H 2 -TPR
Silica is traditionally regarded as an inert and non-reducible oxide. Accordingly, no hydrogen consumption was observed for SBA-15 oxide. Conversely, a reduction peak centered at 567 • C was detected for DP-Au, while no reduction peak for gold was observed at low temperature, hence confirming that it is in metallic state. Recently, it has been reported that, in the case of Au nanoparticles confined in aluminosilicate (i.e. Al-SBA-15), it is possible to produce electron-rich defects, only after a severe hydrogen reduction process at 600 • C [60, 61] . In such process the oxygen atom in Si-O-Si bonds may be abstracted by hydrogen to produce the defects. This would produce hydrogen consumption at around 600 • C, as experimentally observed in the reduction profile of the DP-Au catalyst. 3.5. Activity measurements Fig. 6 shows temperature profiles of methanol combustion on prepared catalysts. In all cases CO 2 was the main product detected in the temperature range studied, with selectivity values >90% for Au/FeO x catalysts. For comparison purposes the activity of bare SBA-15 -which is not very active toward this reaction -has also been indicated. C-Fe was found to be scarcely efficient in the methanol removal, being active only above 200 • C. Gold-containing catalysts showed much higher activity compared to gold-free samples. Very similar light-off curves were obtained for DP-Au and C-Fe DP-Au. The previous deposition of highly dispersed FeOx species improved Au dispersion on the mesoporous SBA-15 and favored its stabilization under reaction conditions, as can be inferred from the Au crystallite size of the fresh and spent catalysts shown in Table 2 ; however, the observed catalytic performances confirmed that only a weak interaction is achieved between the two metals when they are separately deposited on SBA-15. The TPR results corroborated this hypothesis, the reduction behavior of C-Fe DP-Au being very similar to C-Fe. Conversely, in the case of the cluster-derived bimetallic catalyst, C-FeAu, a strong synergistic effect was observed between highly dispersed iron oxide and gold nanocrystallites. This sample showed the best performance in methanol deep oxidation. In fact, methanol combustion started below 100 • C and total conversion was achieved at 150 • C. The activity of this catalyst was comparable to the performances of Au supported on bare reducible oxides, e.g. Fe 2 O 3 and CeO 2 [12] [13] [14] 17] .
These results, together with TPR and XRD data, confirmed that the simultaneous introduction of the two species by means of a [NEt 4 ][AuFe 4 (CO) 16 ] bi-metallic carbonyl cluster, besides anchoring gold nanocrystallites to the surface by an iron oxide layer, leads to a strong interaction between the two species. In this way, in addition to an optimal gold stabilization against sintering during thermal treatment and under reaction conditions, higher iron oxide reducibility is achieved, leading to an improved catalytic activity of these systems.
Conclusions
The use of carbonyl clusters is a promising way to obtain ironstabilized gold nanocrystallites on SBA-15; it could also enable avoiding a further functionalization of the support in order to obtain highly dispersed gold catalysts.
An optimal gold and iron dispersion and a strong interaction between Au and iron oxide species were observed for the bimetallic cluster-derived material. The catalyst prepared by using [NEt 4 ][AuFe 4 (CO) 16 ] showed the best performance in terms of methanol combustion, which was induced by the strong synergy occurring between the two metal species originated from a bimetallic precursor with a well-defined molecular structure. The catalytic performance in methanol total oxidation achieved over such catalysts compares very favorably with literature results.
